MicroRNAs (miRNAs) regulate various developmental programs of plants. This review focuses on miRNA involvement in early events of plant development, such as seed germination, seedling development and the juvenile to adult phase transition. miR159 and miR160 are involved in the regulation of seed germination through their effects on the sensitivity of seeds to ABA. miR156 and miR172 play critical roles in the emergence of vegetative leaves at postgerminative stages, which is important for the transition to autotrophic growth. The phase transition from the juvenile to adult stage in both monocots and dicots is also regulated by miR156 and miR172. In these early developmental processes, there are miRNA gene regulation cascades where the miR156 pathway acts upstream of the miR172 pathway. Moreover, targets of miR156 and miR172 exert positive feedback on the expression of MIR genes that suppress themselves. The early events of plant development appear to be controlled by complex mechanisms involving sequential expression of different miRNA pathways and feedback loops among miRNAs and their target genes.
Introduction
MicroRNAs (miRNAs) are small, single-stranded RNAs, which down-regulate their target genes through the cleavage of mRNAs ( Llave et al. 2002 , Xie et al. 2003 , translational repression ( Aukerman and Sakai 2003 , Chen 2004 , Brodersen et al. 2008 or transcriptional inhibition ( Bao et al. 2004 , Khraiwesh et al. 2010 . Many miRNA targets in plants are transcription factors ( Rhoades et al. 2002 , Mitsuda and , although some miRNA targets encode enzymes ( Xie et al. 2003 , Fujii et al. 2005 ) and hormone receptors ( Navarro et al. 2006 ) . Transcription factors play key regulatory roles in plant development; however, they are no longer necessary after they function and may even be harmful for the next developmental program. MiRNAs play a crucial role in the elimination of those unwanted factors to maintain normal plant development.
Plants go through distinct phases during early stages of development. Dry seeds imbibe water and re-initiate active physiology ). An important decision as to whether a seed will germinate or not is made following the reactivation events during imbibition. The shift from the seed development/maturation mode to the germination mode is a critical change in the developmental program of seeds. Regulation of transcription factors targeted by miRNAs is involved at this critical stage in plant development ( Martin et al. 2010a ) . After the completion of germination, the radicle and cotyledons emerge from the seed and eventually establish a seedling. At this early stage, the seedlings are mainly composed of tissues of embryonic origin, such as the radicle, hypocotyl and cotyledons, that had already differentiated in the seed. The growth of the seedling up until this stage is nutritionally dependent on reserve mobilization in the endosperm or cotyledons, the sites of seed storage accumulation ( Bewley and Black 1994 ) . The next drastic change during this period is the emergence of vegetative leaves, which are post-embryonic tissue and make a plant autotrophic. MiRNAs and their target genes are also associated with the activity in the shoot apical meristem (SAM) and the development of leaf primordia which, in addition to the existing embryonic leaves or cotyledons, determine the rate of the emergence of vegetative leaves. The autotrophic seedling continues to grow and then goes though the transition from the juvenile to adult phase, where vegetative morphology changes and reproductive potential increases. This stage is also under the control of miRNAs and their target genes. In this review, the function of miRNAtargeted transcription factors involved in seed germination, seedling establishment and juvenile to adult phase transition are described. Feedback regulation of MIR genes by miRNA targets and interactions between distinct miRNA pathways are discussed.
The roles of MiRNA during seed germination
As dry seeds imbibe water, the resumption of energy metabolism and cellular repair occurs. Many of the very early events during seed imbibition may be happening in both dormant and non-dormant seeds. Later, events such as the activation of genes encoding enzymes involved in hormone biosynthesis or hormone deactivation play a critical role in the maintenance or alleviation of seed dormancy ( Yamaguchi et al. 2007 , Seo et al. 2009 ).
ABA is a key regulator of seed maturation and dormancy ( Finkelstein et al. 2008 ) . Many ABA signal transduction proteins are involved in seed development and germination ( Finkelstein et al. 2008 , Nakashima et al. 2009 , Yamagishi et al. 2009 , Kinoshita et al. 2010 . MYB33 and MYB101 are positive regulators of ABA responses during germination of Arabidopsis seeds. They are targeted by miR159 through the cleavage of mRNA, suggesting that miR159 may play a role in seed germination. Overexpression of MIR159 consistently suppresses MYB33 and MYB101 transcript levels and renders seeds hyposensitive to ABA, which is similar to the phenotypes observed in the myb33 and myb101 mutants. In contrast, seeds overexpressing mutant forms of MYB33 and MYB101 that are de-regulated from miR159 (miRNA-resistant forms) are hypersensitive to ABA ( Reyes and Chua 2007 ) . These results support the idea that miR159 is involved in the regulation of seed dormancy and germination.
Interestingly, the addition of exogenous ABA results in the accumulation of miR159, a negative regulator of ABA responses (since it down-regulates MYB33 and MYB101 , positive regulators of ABA responses). This is somewhat counter-intuitive, because it means that ABA reduces ABA responses through the miR159-MYB pathway. However, it is thought that this pathway is critical for resetting ABA responses in order for seeds to sense a decrease in ABA levels. Probably, cells need to degrade positive factors of ABA signaling to reset the developmental program. Thus, the role of miR159 would be to degrade mRNAs of positive factors continually to allow a fast recovery from high ABA levels when the signal disappears ( Reyes and Chua 2007 ) . This negative feedback of ABA signaling by miR159 may contribute to the developmental switch from seed dormancy to germination.
The termination of the seed maturation program seems to be an essential change to increase the competence of seeds for germination. The sensitivity of seeds to ABA that is vital to this process is also regulated by miR160. Overexpression of MIR160a makes seeds hyposensitive to ABA. In contrast, mutant seeds expressing an miR160-resistant form of AUXIN RESPON-SIVE FACTOR10 ( ARF10 ) with silent mutations in the miR160 target site ( mARF10 ) are hypersensitive to ABA in a dosedependent manner ( Liu et al. 2007 ) . ARFs are important components of auxin signal transduction ( Guilfoyle and Hagen 2007 ) . Therefore, the result suggests that there is cross-talk between ABA and auxin in imbibed mature seeds. Microarray analyses indicate that ABA-responsive genes that are typical of seed maturation stages and have ABA response elements (ABREs) in their promoter regions are specifi cally up-regulated in the miRNA-resistant mARF10 seeds. The down-regulation of a component important for auxin signal transduction by miRNA may be a regulatory step to decrease ABA sensitivity in mature seeds and to switch to the germination mode. The mechanisms involved in ABA-auxin cross-talk during seed germination are unknown. It would be interesting to see whether ARF10 is involved in the stabilization of ABA signal transduction proteins, such as ABI3 and ABI5 ( Nonogaki 2008 ) . Feedback regulation of auxin-associated miRNAs by their target transcription factors has been proposed based on the observation that auxin response elements (AuxREs) are overrepresented in the promoter regions of the auxin-associated miRNAs ( Megraw et al. 2006 , Meng et al. 2009 , Meng et al. 2010 and on mutant analysis ( Marin et al. 2010 ) . It is not known whether such regulation exists between miR160 and ARF10 to maintain auxin homeostasis and hence ABA sensitivity in seeds.
Many new miRNAs have been identifi ed through the construction and sequencing of a library of small RNAs from Arabidopsis seedlings exposed to dehydration, salinity and cold stress ( Sunkar and Zhu 2004 ) . One of them, miR402, is a positive regulator of seed germination. Overexpression of miR402 accelerates seed germination under stress conditions. MiR402 targets REPRESSOR OF SILENCING1 ( ROS1 )-like, a putative DNA glycosylase, which is also known as DEMETER-LIKE PROTEIN3 ( DML3 ) and is involved in DNA demethylation ( OrtegaGalisteo et al. 2008 ) . dml3 mutant seeds also exhibit accelerated germination under stress conditions, supporting the idea that the miR402-DML3 pathway plays a role in seed germination. It is hypothesized that induction of miR402 by stress guides cleavage of DML3 , which in turn maintains DNA methylation in genes that play a negative role in seed germination ( Kim et al. 2010 ) . Whether DNA methylation status is actually modifi ed by DML3 during seed germination remains to be examined.
In addition to the mutations in the individual miRNAs and their target genes described above, defects in genes associated with miRNA biogenesis, processing and loading cause seed phenotypes. Although embryogenesis is beyond the scope of this review, embryo lethality or severe developmental defects are observed in many mutants defective in DICER-LIKE1 ( DCL1 ), an miRNA processing enzyme ( Golden et al. 2002 , SERRATE ( SE ), a C 2 H 2 -type zinc fi nger protein ( Prigge and Wagner 2001 , Grigg et al. 2005 ) , HYPONASTIC LEAVES1 ( HYL1 ), a double-stranded RNA-binding protein ( Lu and Fedoroff 2000 , Vazquez et al. 2004 ) , and HUA ENHANCER1 ( HEN1 ), a methyltransferase, all of which are essential for proper processing of miRNA. After proper processing by DCL1, SE, HYL1 and HEN1, mature miRNA is loaded as a guide RNA into a complex containing an ARGONAUTE (AGO) protein ( Chapman and Carrington 2007 , Montgomery and Carrington 2008 ) . The ago mutants also exhibit severe embryo defects including lethality. Weak alleles of se and hyl1 mutants are able to produce seeds; however, their germination is hypersensitive to ABA ( Lu and Fedoroff 2000 ) . ABA HYPERSENSITIVE1 ( ABH1 ), the mutation of which ( abh1 ) causes an ABA-hypesensitive seed germination phenotype, encodes CBP80, a large subunit of the multifunctional nuclear cap-binding complex (CBC), which is hypothesized to interact with SE during miRNA processing. Thus, many genes associated with miRNA biogenesis, processing and loading are essential for normal seed development and germination.
The MiR156 and MiR172 gene regulation cascades after seed germination
Germination and early seedling development are critical for successful stand establishment of plants. Following germination, the cotyledons, which are derived from embryonic tissues, emerge from the seed. Arabidopsis seedlings at postgerminative stages are supported mainly by the supply of nutrition from the cotyledons until vegetative leaves emerge and initiate photosynthesis. The switch to autotrophic growth is a signifi cant transition during the post-germinative stage. SQUAMOSA PROMOTER-BINDING PROTEIN ( SBP ) -LIKE ( SPL ) genes that are targeted by miR156 encode proteins involved in controlling this important phase of seedling development and other events at relatively early stages of plant development. The SBP family is one of the plant-specifi c transcription factor families, which was originally identifi ed in fl owering research ( Klein et al. 1996 ) . Ten Arabidopsis SPL genes contain sequences complementary to miR156 sequences ( Rhoades et al. 2002 , Mitsuda and ). miRNA-targeted SPL genes are involved in multiple developmental programs, such as the post-germinative change to become autotrophic and the juvenile to adult phase transition ( Wu et al. 2009 ).
Arabidopsis seedlings expressing SPL13 with silent mutations in the sequence complementary to the miR156 sequence are resistant to miR156 due to de-regulation ( mSPL13 ), overaccumulate SPL13 transcripts and exhibit a delay in the emergence of vegetative leaves ( Martin et al. 2010c ). Seedlings of the homozygous mSPL13 lines exhibit delayed development during post-germination stages. Wild-type seedlings and control transgenic seedlings expressing non-mutated SPL13 reach the 4-leaf stage 10 days after imbibition (DAI), while the mSPL13 seedlings are still at the 2-leaf stage after the same period ( Fig. 1A ) . The difference between control and mSPL13 mutant seedlings is initiated earlier, at the cotyledon seedling stages. The fi rst two vegetative leaves emerge from the shoot apex of wild-type and SPL13 seedlings 5-6 DAI. Around this stage, leaf primordia are visible in the wild-type and SPL13 SAM under a dissection microscope, while only a trace primordium is observed in mSPL13 seedlings ( Fig. 1B ) . Thus, the overaccumulation of functional SPL13 in the upper hypocotyl seems to exert negative effects on SAM activity and/or leaf primordia development ( Fig. 2 ) .
The mSPL13 phenotype at post-germinative stages is similar to so-called 'blind seedlings' typically found in tomato ( Schmitz et al. 2002 ) , which is a serious problem in agriculture. It is empirically known that the number of blind seedlings could increase after seed treatment such as seed priming. It is important to understand the mechanisms involved. The underlying basis of the mSPL13 phenotypes has been analyzed. Microarray analysis identifi ed up-or down-regulated genes in the mSPL13 mutants in 3-day-old seedlings, the stage at which leaf primordia are initiated. One of the genes identifi ed, SCHNARCHZAPFEN ( SNZ ), an AP2-like gene, was later confi rmed by quantitative reverse transcription-PCR to be down-regulated to the greatest extent ( Martin et al. 2010b ). AP2 , a fl oral patterning gene, is known to function in the SAM in Arabidopsis seedlings ( Wurschum et al. 2006 ). The stem cell niche in the SAM of Arabidopsis seedlings is primarily maintained by the activity of WUSCHEL ( WUS ), a positive regulator, and CLAVATA3 ( CLV3 ), a negative regulator. AP2 enhances WUS activity and reduces CLV3 activity, both events positively affecting SAM activity ( Wurschum et al. 2006 ) . The fi nding of specifi c down-regulation of SNZ in the mSPL13 mutants suggests that this AP2 -like gene is also important for SAM development and the mSPL13 phenotype at post-germination stages.
Intriguingly, SNZ is a target of miR172, which suggests the possibility of an interaction between two miRNA pathways. There may be interacting miRNA gene regulation cascades between the miR156 and miR172 pathways ( Fig. 3 ) . The silent mutations cause the de-regulation of SPL13 from miR156, which causes overproduction of functional SPL13 proteins.
As a consequence, SNZ , which is targeted by miR172, is downregulated. It is hypothesized that MIR172 is directly or indirectly up-regulated by SPL13. In fact, MIR172a and MIR172b transcripts and mature miR172 are overexpressed in mSPL13 seedlings ( Martin et al. 2010b ) , supporting the idea that SPL13 up-regulates MIR172 . Thus, the miR156-SPL13 pathway acts upstream of the miR172-SNZ pathway ( Fig. 3 ) .
The interaction between the MiR156 and MiR172 pathways during juvenile to adult phase transition
MiRNA gene regulation cascades similar to the Arabidopsis SPL13 system are also present in monocots. In maize, Corngrass1 ( Cg1 ) mutants overexpress two tandem miR156 genes ( Chuck et al. 2007 ), which target teosinte glume architecture1 ( tga1 ), a gene known to have a role in the domestication of maize from teosinte ( Wang et al. 2005 ) . The reduction of tga1 expression in Cg1 mutants affects the juvenile to adult transition, another important phase transition in plant development. Retention of juvenile traits, which is known as neoteny, causes the grass-like appearance of the Cg1 mutant.
The maize tga1 gene encodes an SBP-domain family protein, as does Arabidopsis SPL13 ( Wang et al. 2005 ) . MiR172 is downregulated in Cg1 mutants, suggesting that the miR156 pathway also acts upstream of the miR172 pathway in maize. The target of miR172 in maize is glossy15 ( gl15 ) which, like SNZ in Arabidopsis, is an AP2 -like gene. The gl1 gene is ectopically expressed in Cg1 mutants. Thus, components associated with the miR156 and miR172 pathways and the interaction between these two miRNA pathways are similar in both Arabidopsis and maize. While essentially the same pathway is found in Arabidopsis and maize, the ways in which the pathway was found in these two species were quite different, because the characterization was done using opposite types of mutations. In Arabidopsis, de-regulation of SPL13 in SPL13 mutants causes an overaccumulation of the SBP transcription factor ( SPL13 ) and miR172, which decreases the expression of the AP2 -like gene ( SNZ ). In contrast, in the Cg1 maize mutant, overexpression of miR156 results in decreased levels of the SBP transcription factor ( tga1 ) and miR172, which leads to increased expression of the AP2 -like gene ( gl15 ) ( Fig. 4 ) . Another prominent difference between the Arabidopsis mSPL13 and the maize Cg1 system is that the Arabidopsis miR156-miR172 gene regulation cascades play a role at a much earlier stage in development than the juvenile to adult phase transition governed by the maize miR156-miR172 gene regulation cascades.
For the juvenile to adult phase transition in Arabidopsis, other SPL genes such as SPL3 , SPL4 , SPL5 , SPL9 and SPL10 play a major role, all of which are targeted by miR156. The expression of SPL3m , a gene mutated in the sequence complementary to miR156 and insensitive to miRNA156 regulation, promotes vegetative phase changes and causes early fl owering. The expression of modifi ed SPL3 , SPL4 and SPL5 genes, which lacked their 3 ′ untranslated region sequences containing the miR156 target sites, shows similar effects. In contrast, constitutive expression of MIR156a prolonged the expression of juvenile vegetative traits and delayed fl owering ( Wu and Poethig 2006 ) . These results indicate that the increased accumulation of SPL3 , SPL4 and SPL5 transcripts (and proteins), which is a consequence of a decrease in miR156 levels, is necessary for the juvenile to adult transition in Arabidopsis seedlings. While SPL3 , SPL4 and SPL5 genes promote an adult pattern of epidermal differentiation in leaves, these genes have little or no effect on leaf shape. SPL9 and SPL10 act redundantly and promote all adult phase-specifi c aspects of leaf morphology ( Poethig 2009 ). The miR156-miR172 gene regulation cascades are also present in Arabidopsis juvenile to adult phase transition regulated by SPL9 and SPL10 . In this case, evidence was obtained for the direct regulation of MIR172b by SPL9 ( Wu et al. 2009 ). Interestingly, SPL9 , an miR156 target, positively regulates MIR156 . Likewise, TARGET OF EAT1 ( TOE1 ) and TOE2 , AP2 -like genes that are targeted by miR172, positively regulate MIR172 ( Wu et al. 2009 ). Feedback regulation of an miRNA by its own target is common in animals ( Kim et al. 2007 , Herranz and Cohen 2010 ) . The analysis of SPL9 demonstrates that similar miRNA feedback loops also exist in plants. Thus, the stability of the juvenile and adult phases is regulated through complex pathways, in which sequential action of miR156 and miR172 and the feedback regulation in each miRNA pathway, are involved.
Although this review focused only on early events of plant development, miR156-regulated SPL genes also play a critical role in reproductive phases such as shoot maturation ( Shikata et al. 2009 ) and fl owering control ( Wang et al. 2009 ). In addition, many other miRNAs and their targets are involved in later events of plant development. Elucidating complex mechanisms of miRNA interactions and feedback regulation at later stages of plant development will advance our understanding of gene regulation in plants. Many genomic and bioinformatic resources, including PMRD, the plant microRNA database ( Zhang et al. 2010 ) , are now available for miRNA research in different plant species. These resources will provide tools for crop improvement ( Mochida and Shinozaki 2010 ) .
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